Cold seeps are among the most heterogeneous of all continental margin habitats. Abiotic sources of heterogeneity in these systems include local variability in fluid flow, geochemistry, and substrate type, which give rise to different sets of microbial communities, microbial symbiont-bearing foundation species, and associated heterotrophic species. Biogenic habitats created by microbial mats and the symbiotic species including vesicomyid clams, bathymodiolin mussels, and siboglinid tubeworms add an additional layer of complexity to seep habitats. These forms of habitat heterogeneity result in a variety of macrofaunal and meiofaunal communities that respond to changes in structural complexity, habitat geochemistry, nutrient sources, and interspecific interactions in different ways and at different scales. These responses are predicted by a set of theoretical metacommunity models, the most appropriate of which for seep systems appears to be the 'species sorting' concept, an extension of niche theory. This concept is demonstrated through predictable patterns of community assembly, succession, and beta-level diversity. These processes are described using a newly developed analytical technique examining the change in the slope of the species accumulation curve with the number of habitats examined. The diversity response to heterogeneity has a consistent form, but quantitatively changes at different seep sites around the world as the types of habitats present and the size-classes of fauna analyzed change. The increase in beta diversity across seep habitat types demonstrates that cold seeps and associated biogenic habitats are significant sources of heterogeneity on continental margins globally.
often apparent using remote sensing technologies that detect the presence of bottom simulating 1 reflectors (BSR) or where structure is conspicuously absent in seismic profiles, where bubble 2 plumes appear on echo sounders, or as sites of organic matter deposition in deep canyons or 3 channels seen on multibeam bathymetry. 4 There are numerous types of geologic features created by seepage on the seafloor that 5 occur at a variety of spatial scales, from a few meters to several kilometers (Table 1) . Mud 6 volcanoes created by mud circulation and fluid escape are large structures which can be several 7 kilometers in diameter (Prior et al. 1989 , Vogt et al. 1999 , Grevemeyer et al. 2004 ). Pockmarks 8 are caused by the escape of gas from the seafloor (Hovland & Judd 1988) and are often 9 associated with gas hydrate accumulations (MacDonald et al. 1990 , Olu et al. 2007a . Gas 10 hydrate outcrops of various sizes are the surface manifestations of BSRs and can occur as small 11 nodules, large vein-filling structures or massive mounds (Sassen et al. 1999 (Sassen et al. , 2001 . Brine lakes 12 associated with the migration of hypersaline fluids from the subsurface can also occur as small 13 pools or flows or large features hundreds of meters across (MacDonald et al. 1990, Medinaut 14 2000, Joye et al. 2005 , Roberts et al. 2007 ). Carbonate concretions resulting from anaerobic 15 hydrocarbon oxidation also appear in areas of active fluid seepage through the seabed (Aharon 16 & Fu 2000 , Aloisi et al. 2000 , Luff et al. 2004 ) and may eventually serve to slow the flux of 17 fluid to the seafloor (Roberts 2001) . All of these features may be present within a single seep 18 site and provide a highly diverse suite of potential habitats for both endemic seep organisms and 19 more opportunistic colonists (Fig. 1) . 20 The geologic conditions at a seep site can result in different potential biogeochemical 21 pathways, while the geochemical conditions are greatly affected by the microbial processes 22 occurring within surface sediments. Microbial consortia (aggregates of archaea and bacteria) 23 produce sulphide by the reduction of sulphate coupled to anaerobic methane oxidation in the 1 upper sediment column (Aharon & Fu 2000 , Boetius et al. 2000 . Other processes are aerobic, 2 such as carbon fixation through oxidation of methane or sulfide. This can be carried out by free- 3 living microbes, but may be particularly efficient in the context of symbiosis between 4 specialized bacteria and the habitat-forming invertebrate taxa (see review by Dubilier et al 5 2008). These processes create the conditions necessary for the symbiont-bearing species 6 utilizing methane, sulphide, or occasionally both to inhabit and flourish in the seep environment. 7 The species richness and density of the symbiont-bearing megafauna communities are 8 highly variable among different sites and may be explained not only by the depth and age of the 9 geologic features but also by habitat heterogeneity. These forms of heterogeneity, including the 10 geometry of seeps, the intensity and volume of fluid flow (Henry et al. 1992) , the occurrence of 11 gas hydrates, the methane and sulphide concentrations and their fluxes through the underlying 12 sediment (Fig. 2 ) are manifested as differences among sites, areas within a site, or even in the 13 variability in biogeochemical processes within the top sediment layers (MacDonald et al. 1989, 14 Goffredi & Barry 2002 , Levin et al. 2003 , Treude et al. 2003 , Olu et al. 2007a . Locally the 15 presence of bacterial mats and numerous large animals belonging to a limited number of phyla 16 and families have been considered as one of the best indicators of active seeps marked by the 17 existence of high levels of localized, chemosynthesis-based, primary productivity (Fig. 1) . 18 Typical symbiotic seep organisms include siboglinid polychaetes (vestimentiferan tubeworms 19 and frenulate and monoliferan pogonophorans), bivalves (bathymodiolin mussels, and 20 vesicomyid, lucinid, solemyid, and thyasirid clams), and sponges (Cladorhizidae) (see reviews 21 by Sibuet & Olu 1998 , 2002 , Levin 2005 , Cordes et al. 2009 ). The habitats that these various 22 symbiotic species create supplement the geologic heterogeneity at various cold seeps (Fig. 2) . 
Perception of habitat heterogeneity

2
A habitat corresponds to a delimited spatial domain with characteristic environmental 3 conditions in which particular species may exist forming a distinctive community or assemblage. 4 The definition of habitat is scale-dependent because relatively homogenous parameters measured 5 at a given scale may appear heterogeneous at different observational scales (Levin 1992). The 6 perception of habitat and habitat heterogeneity by different taxa is dependent on their size, 7 mobility and dispersal capability (Morris 1987) . The habitat heterogeneity hypothesis assumes 8 that structurally complex habitats lead to an increase in species diversity by providing a higher 9 number of distinct niche dimensions and diverse ways of exploiting resources (MacArthur & 10 Wilson 1967). At some point, depending on scale and the organism's perception, habitat 11 heterogeneity may become habitat fragmentation and negative effects on species diversity may 12 occur as a consequence of the disruption of key biological processes such as dispersal and 13 resource acquisition (Saunders et al. 1991 ).
14 At the smallest scales, microbial distribution will be determined largely by the 15 availability of reductants and oxidants to drive biogeochemical transformations. influenced biogeochemical processes in turn contribute to habitat heterogeneity at spatial scales 17 relevant for all faunal groups. Methane and sulphide flux rates may primarily determine the 18 distribution of specialized symbiont-bearing megafauna such as tubeworms, mussels and clams 19 (MacDonald et al. 1989) . This can lead to high turnover of symbiont-bearing foundation species 20 among habitats within a seep site (Olu et al. 2007a) . The most active areas exhibit sediment 21 instability in the form of fluid or mud flows, which will favour the occurrence of foraging mobile 22 organisms (e.g. gastropods, echinoids) over sessile megafaunal species (Fisher et al. 2007 ). As 23 fluid flow slows, high rates of carbonate precipitation resulting as a by-product of hydrocarbon 1 oxidation provide hard substrata for sessile seep fauna, and also filter/suspension feeders such as 2 sponges, soft corals and stony corals (Cordes et al. 2008) . The presence of habitat-forming 3 megafaunal organisms will add structural complexity that may be perceived by smaller 4 organisms (macro-and meiofauna) as habitat heterogeneity. Symbiotic species may also alter 5 fluid flux and biogeochemical processes and increase small-scale habitat heterogeneity for 6 smaller size classes of fauna (Treude et al. 2003 , Cordes et al. 2005a There are usually lower rates of associated megafauna, macrofauna, and meiofauna 8 species turnover between areas of different fluid flow intensity and geochemistry (Olu et al. 9 2009) with similar communities occasionally found in tubeworm aggregations and mussel beds 10 at the same site (Cordes et al. 2009 ). Rather than complete species replacement and exclusion, 11 turnover is normally manifested as shifts in dominance at the genus or family level (e.g., the 12 REGAB seeps, Menot et al, this issue, Olu et al. 2009, Van Gaever et al. in press) . Turnover may 13 occur among different habitat types as defined by the foundation species present, or may also be 14 evident in successional shifts in community composition over the course of the long life-span of 15 the seep foundation species (Bergquist et al. 2003 , Cordes et al. 2005b ).
17
Measuring habitat heterogeneity 18 Generally, habitat heterogeneity has been defined in relation to the number, extent 19 (percentage cover, height/volume, patch size) and variety of physically structuring elements 20 within a given habitat. In addition to physical structure, spatial and temporal variability in fluid 21 flux may add a component of heterogeneity (Henry et al. 1992 ) that is less well constrained in location of hard substrata and sub-bottom seismic reflectivity used to locate potential conduits 7 for fluid migration (Roberts et al. 2007 , Klauke et al. 2008 ). 8 At a more local scale, textural analysis of sidescan sonar images is useful for mapping 2007, Sahling et al. 2008, Schlacher et al., this volume) . This may be accomplished by using 12 video mosaic analysis to map biogenic habitats defined by structuring megafaunal species 13 (Jerosch et al. 2006 , Olu-Le Roy et al. 2007a . Even though they 14 are called "cold seeps," thermal gradients may be used to define the fluid flow variability of 15 active sites at an even finer scale (Olu et al. 1997 , Grevemeyer et al. 2004 , Niemann et al. 2006 ). 16 
Measuring faunal diversity 18 Patterns of species diversity change over multiple scales (Levin 1992) . On large spatial 19 and temporal scales species diversity depends on evolutionary history and the size of the regional 20 species pool. At smaller scales, biotic interactions and habitat selection result in the patterns of 21 diversity that are most often observed and measured. However, the local mechanisms that sampled will also be saturating, and will approach an asymptote as the habitats included begin to 4 contain all of the species from the regional species pool. 
Methods
7
In this study, we gathered data on the presence of species in samples obtained from were repeated 100 times and the number of species for each number of samples averaged over all 14 iterations. Once a curve was generated, it was linearized with a log transformation of the number 15 of samples and the slope of the line was calculated. Curves were generated for each habitat 16 within a region, then curves were generated for a successively higher number of habitats within a 17 region until all habitats present in the region were contained in a single curve. This hierarchal 18 creation of curves allows the determination of which habitats add relatively more new species to 19 the regional pool of species and how the emerging pattern compares to other regions. This bathymodiolin mussel beds, and Lophelia pertusa coral structure and were sieved to 2 mm 6 (Bergquist et al. 2003 , 2005 , Cordes et al. 2005b , 2006 . The CA and OR macrofaunal 7 samples were from near-seep (transition) sediments, vesicomyid clam beds, oxygen minimum
Results and Discussion
17
The highest within-habitat diversity from all of these samples (slope of the curve within a 18 single habitat) was found in the nematode communities from Håkon Mosby followed by Gulf of 19 Guinea (Fig. 3) . In fact, the steepest slope of the curves generated from the Håkon Mosby data 20 was found among the single-habitat group of replicate samples. These results suggest that the 21 alpha diversity in meiofaunal communities at seeps may be greater than macrofaunal diversity, 22 even though the nematode communities were only identified to the genus level and therefore 23 contain an even greater diversity at the species level. The high level of variability in the slopes of 1 the single-habitat curves for both the nematode genera and the meiofauna orders from this mud 2 volcano is likely due to the variability in the habitat types with highly heterogeneous control and 3 tubeworm sediments on one hand and strongly nematode-dominated center and reduced-4 sediment habitats on the other hand. The meiofaunal communities may be responding to small-5 scale heterogeneity within each habitat, and the use of broad habitat characterizations based on 6 the visual assessment of the communities may mask the microhabitat heterogeneity to which the species accumulation as different habitats are added to the analysis. Gulf of Guinea nematode 1 diversity was higher than CA and OR margin macrofaunal diversity, possibly due to the presence 2 of an oxygen minimum zone off of CA and OR, but the slopes of the two relationships were very 3 similar. The similarity in the size fractions of the fauna sampled and the habitat types contained 4 in the investigations likely contributed to the similarity in these patterns.
5
To examine broader changes in diversity with habitat heterogeneity, the full meiofaunal 6 data sets from Håkon Mosby and Gulf of Guinea were combined and examined at the order level 7 (lowest level of taxonomic resolution). At this broad level, the relationship between diversity and 8 habitat heterogeneity begins to fall off. Even though these communities are from two locations 9 separated by over 6000 km, the orders capable of colonizing deep-sea seep-related habitats 10 appear to be limited and shared among these communities world-wide, and also appear to 2005b). Some of these species appeared to be functionally redundant (similar trophic niches), but 19 were found in different aggregations according to the sulfide levels (different realized niches). Mexico also greatly influences the types of seep (and non-seep) communities that develop at 22 those sites (Roberts & Carney 1997 , Fisher et al. 2007 ).
23
The mass effect describes a pattern of species abundance involving source and sink 1 populations. At large or particularly suitable habitats, the population size of a given species will 2 be quite high. This site will serve as a source of propagules dispersing into relatively small 3 habitats where the probability of local extinction is high, or in marginal habitats where 4 recruitment success or adult survivorship is relatively low. A series of localized, marginal 5 habitats could also potentially link widely distributed sources populations. These interspersed Fig. 3) but only rarely share the same dominant species, rather these species seem to be 14 primarily derived from more abundant assemblages in shallow-water, organic-rich sediments 15 (Van Gaever et al 2006, in press , this issue). 16 Neutral theory predicts that random effects of colonization and extinction will produce 17 observed species distribution patterns, assuming that species and habitat patches are all similar 18 (but not necessarily identical). Because of the relatively strong influence of habitat chemistry on 19 community composition that has been demonstrated in numerous settings, this theory appears to 20 be less applicable to seep ecosystems. However, this theory could apply within certain some areas where sufficient high-density and low-density sites are spread over a large area such 21 as the Gulf of Mexico or the entire Atlantic Basin, but examples of this situation are more rare. 22 The neutral theory, although seemingly diametrically opposed to the species sorting (niche) theory, may also explain the distribution patterns observed at seeps, particularly for the vagrant 1 species (sensu Carney 1994) that colonize the seeps and potentially utilize the increased 2 productivity at those sites. However, we note that assemblages may appear to fit the neutral Geochemical, geological, and microbial drivers as well as biological interactions are all known 12 to play critical roles in determining species distributions. The processes at play operate over a 13 broad range of space and time scales from cm to many km, and from hours to MY (Fig. 5) . On 14 small scales they interact with one another to dictate biological activities as diverse as attraction 15 to settlement, physiological tolerances, feeding mode and diet, life history, and symbioses. In 16 addition the abiotic factors that enable or inhibit the presence of prey, predator, competitor or 17 symbiont will in turn affect the synecological interactions that determine animal distributions at 18 seeps. 19 Much of the habitat heterogeneity that we observe at seeps, regardless of its form, is 20 driven by the patchy availability of methane and sulfide. While the geochemical conditions and 21 availability of reduced compounds dictate the suitability of the habitat for the C fixation 22 activities of bacterial symbionts, and thus the nutritional condition of the host invertebrates, they 23 also establish a physiological realm that includes sulfide-tolerant species and excludes intolerant 1 animal species (MacDonald et al. 1990 , Barry et al. 1997 Olu et al. 1996 Olu et al. , 1997 
12
Many of the mechanisms linking heterogeneity to diversity are facilitative. Microbial 13 mats of sulfide oxidizers have been proposed to transform sulfide into inert, non-toxic forms, 14 creating a more favorable microhabitat that facilitates eukaryotic organisms (Gallardo et al. 15 1994 15 , Bruchert et al. 2003 . In addition, microbial consortia of anaerobic methane oxidizers 16 precipitate carbonate, which provides a complex, often extensive hard substrate habitat for seep 17 fauna. Aggregating megafauna form biogenic bushes (tubeworms), beds (bathymodiolin mussels, 18 vesicomyid clams, ampharetid tubes, sponges) or fields (frenulate pogonophorans) that diversify Although most of these taxa show a continuous distribution over both habitats (Fig. 2, 3) , the 20 increase in abundance suggests that some taxa are better adapted to the more reduced conditions 21 of the siboglinid patches while others prefer the adjacent control sediments. These investigations 22 suggest that while there are subtle differences in the mechanism underlying the patterns, that the 23 response of diversity to habitat heterogeneity is consistent among the different size classes of 1 fauna at seeps as well as in other habitats. habitats and the fauna that inhabit them. The strong influence of habitat chemistry on the seep 13 fauna is apparent in these analyses, and is the basis of the conclusion that the species sorting 14 concept is the most applicable to seep systems. It is our hope that these findings and techniques 15 will inform future studies of the diversity response to habitat heterogeneity and that some general 16 principles of ecological theory might arise from future research in this field. Table 1 came from Greg Rouse, Andrew Thurber, Victoria Orphan and Shana Goffredi. for funding the research that provided data for the analyses in this paper. Lamellibrachia luymesi. Marine Ecology Program Series, 305, 17-29. 16 Cordes E.E., Bergquist D.C., Predmore B.L., Dienes P., Jones C., Deines P., Telesnicki G., Henry, P., Foucher, J.P., Le Pichon, X., Sibuet, M., Kobayashi, K., Tarits, P., Chamot-Rooke, N., Menot L., Galéron J, Olu K, Caprais J.-C., Crassous P., Khripounoff A., Sibuet M., (this issue), 6 Spatial heterogeneity of macro-infaunal communities in and near a giant pockmark area 7 in the deep Gulf of Guinea. Marine Ecology. Niemann, H., Losekann, T., de Beer, D., Elvert, M., Nadalig, T., Knittel, K., Amann, R., Sauter, 
